Radon has continuously been monitored at the Roman spring of Tiberias, Israel since 2000 in the frame of an earthquake research project. However, there was no apparent earthquake related radon anomaly in 5 years of monitoring. Physical mechanisms behind periodic as well as transient radon variations were investigated. The radon signal contained periodic daily and non-periodic multi-day variations as well as seasonal patterns with maxima during winter. Spectral analysis showed diurnal and semidiurnal periodic constituents while tidal effects were absent. In 2003 the long-term average radon concentration dropped by 35%. Coevally, the diurnal and semi-diurnal radon variability considerably decreased. In contrast, the intensity of large-scale signals, corresponding to multi-day radon variability, increased. At this stage the level of the Kinneret Lake is suspected to be the driving force for the radon drop. Until 2003 the lake level hovered around -214 m below sea-level. In spring 2003 the lake level had risen by 4 m. The distance between the monitoring station and the lake shore is about 50 m. The radon concentration inversely followed the lake level with a time delay of about 3 months. Radon measured at a natural hot spring should depend on the flow rate of the hot water rising on the border faults of the pull-apart basin. Increased flow means less time for radon to decay and thus a positive correlation between the flow rate and the radon concentration is expected. Flow velocity is controlled by (i) the pressure at depth, and (ii) the fracture width. Both are affected by the loading forces of the graben filling to which the water column of the lake contributes. Due to the lack of data about the mass flow rates from the spring, a direct link between the flow rate and the radon concentrations cannot be proven. In fact, the hot water discharge seemed to be very stable in time. So, either minor changes of the flow rate affect the radon concentration or another mechanism is needed to explain the observations, e.g., the pressure-dependent gas solubility or the pressure-dependent mixing of different groundwater components. Nevertheless, this does not explain the appearance of long-periodic, intra-seasonal radon signals (with periods in the order of 1 month) which were practically absent before 2003. Such long-periodic radon signals were not reported till today.
INTRODUCTION
Radon is a natural radioactive trace gas and is thus often used as a tracer for fluid movements in the environment. Surveys have been carried out to (i) detect hidden mineral deposits, (ii) explore geothermal fields, (iii) estimate the radon hazard in dwellings, (iv) estimate the infiltration rate of surface water to aquifers, (v) characterize active tectonic structures, and (vi) in association to the latter the proposition that radon may serve as a useful proxy and as a precursor for seismic and volcanic activity has been repeatedly considered in the last 50 years don did not show pre-, co-or post-seismic deviations. Instead, the focus is on the physical mechanisms behind periodic as well as transient radon variations.
HYDROGEOLOGICAL SETTING
Lake Kinneret, also called Sea of Galilee, is located in the second largest pull-apart basin along the Dead-Sea Fault, a prominent transform separating the Arabian plate from the Sinai sub-plate (Hurwitz et al., 2002) . Thermal springs occur along the border faults on both sides of the pull apart (Fig. 1) . The eastern springs produce thermal fresh ground waters, the western systems contain thermal saline waters (Arad and Bein, 1986; Hötzl et al., 2009; Siebert, 2005) . The springs of the Tabha and the Fluiya groups are characterized by clear seasonal variations in discharge and salinity, while the chloride concentration in the Tiberias springs is nearly constant throughout the year (Gvirtzman et al., 1997; Rimmer et al., 1999) . A variety of conceptional models about the origin of the brines were proposed (see e.g., Gvirtzman et al., 1997) . Goldschmidt et al. (1967) were probably the first who postulated that the hot spring waters of Hamei-Tveria are a mixture of shallow and deep fluid components: shallow ground waters, recharged in the Galilee mountains west of Lake Kinneret, flow eastward and emerge to the surface along sub-vertical border faults, where they mix with saline high-temperature fluids. The shallow groundwaters are of Ca-Mg-HCO 3 -type coined by karstic dolomites and limestones of the Judea group. The chemical composition of the Parod and Taron springs located NW of the lake are given in Table 1 (data from Kafri et al., 2001) . According to the hydrogeological model of Rimmer et al. (1999) the thermo-saline fluids do not only rise towards the surface at the hot springs, but also off-shore Tiberias directly into the Lake. It is interesting to note that Lake Kinneret waters (Br/Cl 3.19 mmol/mol) and the Tiberias hot spring waters (Br/Cl 5.79 mmol/mol) plot on the same "rift brine trend line" in a 1000Br/Cl vs. Na/ Cl molar ratio plot . Based on boron isotopes Vengosh et al. (1994) suggested a mixture of 90% freshwater with 10% brine. Arad and Bein (1986) proposed a saline fraction of 5-20% from δ 18 O (-3‰) and chlorine ratios. Nevertheless, Siebert et al. (2009) stated that the Tiberias hot springs are "nearly free of freshwater" on the basis of small seasonal variations, low tritium content (0.7 T.U.), and NO 3 concentrations below the detection limit. Despite many investigations during the past decades, the relations between the different aquifer systems are still under debate and beyond the scope of this work.
The water, at the "Roman spring" of Hamei-Tveria (Tiberias), is of Na-Ca-Cl-type with a temperature of ca. 60°C (Table 1 ) with a total dissolved salt content of 31 g/L. As stated above, the geochemical composition of the water was relatively stable during the period of monitoring. The standard deviation of 32 chemical analysis was equal or less than 1% for the main anions and cations; only HCO 3 -and Br -showed larger variations with standard deviations of 3.8 and 6.7%, respectively (KleinBenDavid et al., 2004) . During the years of 1989-1997, the spring discharge of the Roman spring was 1-4 L/s (Rimmer et al., 1999) . The Roman spring water is characterized by high radium ( 226 Ra) and radon ( 222 Rn) concentrations (Lazar et al., 2008) . A compilation of radon measurements at the Roman spring is given in Table 2 . For an easy comparison of the radon concentrations, the original radioactivity units of the reported radon concentrations were converted to the unit Bq/L in the following summary. Rosenblatt and Lindeman (1952) reported a radon concentration of 807 Bq/L for the "strongest" of 21 samples whereas "most of the samples yielded an ac- Fig. 1 tivity corresponding to at least one third this value". The radon content of 31 water sources in northern Israel was repeatedly measured between 1995 and 1997 (Kafri et al., , 2000 . For the Roman spring, the radon concentrations were between 99 and 173 Bq/L. They concluded that rift-related water sources are generally enriched in radon compared to ground waters outside the rift. According to Moise et al. (2000) the average radium and radon concentrations were 4.0 ± 0.4 Bq/L and 146 ± 16 Bq/L, respectively. The latter authors pointed out that their measurements, which were based on 11 radium and 13 radon samples collected during the years 1995 and 1996, were very similar to previous measurements done by Mazor (1962) . The long-term average radon concentration at the Roman spring was in the order of 150 ± 25 Bq/L. The range of reported radon concentrations is remarkably high with minimum and maximum values of 61 Bq/L and 274 Bq/L or even 807 Bq/L if the "strongest" radon value reported by Rosenblatt and Lindeman (1952) is included. An uranium-rich oil shale sequence of Senonian age has been identified by Ilani et al. (2006) as a potential source of the anomalously high radioactivity. The authors noted a significant secular disequilibrium between uranium and strikingly deficient radium in the Kafri et al. (2001); 5 -Bergelson et al. (1999) . wT -water temperature, E H -redox potential with respect to standard H-electrode. 1995−1996 4.0 ± 0.4 242 ± 26 dpm/L radium Moise et al. (2000) 11 radium and 13 radon samples collected during the years 1995 and 1996 146 ± 16 8732 ± 951 dpm/L radon 61−274 Ilani et al. (2006) 158 ± 57 9500 ± 3400 dpm/L Lazar et al. (2008) 12 measurements at the Roman spring and the main spring partly including the data of Moise et al. (2000) sediments and thus concluded that hot ascending brines removed a substantial amount of radium from the uranium enriched organic material explaining the very high radium concentrations of 2.6-6.6 Bq/L in waters of the Tiberias hot spring complex.
METHODS
Radon monitoring at the Roman spring in Tiberias (35.5501°E, 32.7671°N) was initiated in July 1997 by Lang et al. (1997) . Water was pumped from the well into a degassing unit where radon and CO 2 were monitored both in the gas phase. A clear positive correlation between radon and CO 2 was observed, while radon was negatively correlated with air temperature. After less than two weeks, the operation ceased due to problems with the water degassing unit (Lang et al., 1998) . Based on this experience a passive way of collecting the radon had been chosen. A small plastic funnel was installed at the wellhead trapping rising gas bubbles. The funnel is connected via a 1/4″ hose (6.9 m long) to a scintillation chamber (coated with silver-activated ZnS) of an alpha-detector. At the beginning of the continuous monitoring in 2000, the funnel was installed at a fixed depth. In November 2001 a slightly smaller funnel was installed on a floating device. Initially, in addition to radon, the following parameters were measured and stored in a data-logger (Campbell CR23X) at 5-minute-intervals: water temperature, specific electrical conductivity, pH, redox potential, water level, gas flow, air temperature and air pressure. The technical details of the equipment have been published elsewhere . Due to the aggressiveness of the hot and salty water, the life-time of most sensors was in the order of a few months. Thus long-term series of 
Fig. 3. Temporal variation of the variance of radon over periods of 21-days (same as in the boxplots).
continuous measurements are obtained only for radon (and the meteorological parameters) lasting for 5 years with only very few gaps. It is important to note, that the selected set-up does not measure radon in the water in a strict sense, but only the naturally degassed fraction of the total radon content. It is very difficult to calibrate the radon concentration in Bq/L, because the efficiency of the natural degassing "machine" is unknown. Thus, in the following radon refers to the radon concentration of the gas phase which is stripped from the water by rising gas bubbles. According to Henry's law, radon strongly partitions into the gas phase with increasing temperature. Less than 10% of the radon will remain in the liquid phase at a fluid temperature of about 60°C. The temperature of the Roman spring is rather stable in time; temperature driven changes of the partitioning ratio are less than 1%. The fraction of radon stripped from the water will primarily depend on the amount and nature of gas bubbles-the more bubbles, the more effective the radon stripping procedure. In December 2001 a gas flow of 0.0006 L/s (2.3 Litre per hour) had been measured compared to a water discharge of about 4 L/s. Possible changes of the bubbling activity may explain the extraordinary wide scatter of the reported radon concentrations compiled in Table  2 . Changes of the gas/water partitioning might be related to pressure changes at depth as demonstrated by Barragán et al. (2008) .
RESULTS
Until spring 2003 the average radon concentration was around 700 cps (counts per second), whereas thereafter the average radon concentration dropped to 450 cps (Fig.   2 ). This 35% drop of the long-term radon level in 2003 was accompanied by a significant increase of the seasonal radon amplitude which doubled from ±60 cps to ±120 cps. Simultaneously, the radon variance increased significantly (Fig. 3) . The radon time series is characterized by daily (S 1 ) and weaker semi-diurnal (S 2 ) periodic variations. The daily maxima occurred in the hours around midnight and minima in the early afternoon (GMT time; local time is 2 hours ahead of universal time). Maximum daily amplitudes in the order of 7% of the signal occurred during the summer months (see Fig. 4 ). The diurnal and semidiurnal amplitudes shown in the Fig. 4 including error estimates were calculated with the software T_TIDE (Pawlowicz et al., 2002) . From the spectral analysis it was further evident that gravity related tidal effects, namely the prominent tidal bands O 1 and M 2 , were absent in the radon time series. This indicated that the radon concentration was not strain-sensitive to the tidal forces which induce strains in the order of 10 -8 in the earth's crust. Coevally with the 35% drop of the longterm radon average at the beginning of 2003, the amplitude of S 1 was reduced significantly, and S 2 almost disappeared. More precisely, the level of S 1 during winter remained nearly stable over the whole observation period, whereas the summer amplitudes were reduced by roughly 50% compared to the years before 2003. In order to further explore the periodic radon variations, a wavelet-based multi-resolution decomposition of the time series was performed. The decomposition was based on the maximal overlap discrete wavelet transform (MODWT; see Percival and Walden, 2000) . This yielded an additive decomposition of the time series into J components D j,j=1···J reflecting variability at scales of 2 j-1 Pawlowicz et al. (2002). multiplied by the sampling period, plus a large scale component S J . For the decomposition shown in Fig. 5 , the time series was aggregated into 15-minutes records by averaging over each 3 consecutive 5-minute values, and a level of J = 12 and a least asymmetric filter (LA) of length 8 with reflection boundary conditions was used. For convenience, the aggregation was performed in order to get integer hourly dyadic scales in the wavelet analysis. Thus, radon was decomposed into 13 sub-series reflecting the variability at increasing scales. The abrupt disappearance of the enhanced high-frequency variability components D 1 -D 4 (see Table 3 ) at the end of 2001 was attributed to a change of the gas collecting system. On 27/28 November 2001 the fixed gas collection funnel was replaced by a floating device. Using a funnel in a fixed vertical position, sudden water level changes will push radon towards the radon detector during water level rise and suck it back into the funnel in case of water level decrease, which will induce sharp spike-like radon pulses in the time-series. Here, the focus is on the lower frequencies (periods > 8 h). The energy distribution across scales was markedly different for the time period before 2003 compared to the rest of the time series. Semidiurnal (D 5 ) and diurnal (D 6 ) variability was reduced, whereas the intensity of the multi-day and intra-seasonal components (D 7 -D 12 ) was significantly increased. Note that even at large scales (in the order of 1 month) energy increased after 2003.
Fig. 4. Temporal variation of the diurnal (K 1 /S 1 ) and semidiurnal (S 2 ) radon amplitudes calculated for periods of 21-days (same as in the boxplots) with the T_TIDE software code developed by

DISCUSSION
What happened in 2003? Tentatively, the water level of the Lake Kinneret is suspected as the driving force for The distance between the monitoring station and the lake shore is just 50 m. Radon concentration inversely followed the lake level with a time delay of about 3 months (Fig. 6 ). Note that radon was plotted inversely and that the x-axe of the lake-level was shifted with respect to the x-axes of radon and rain. Until 2003 the lake level hovered around -214 m b.s.l. ± 1 m seasonal variation. In spring 2003 the lake level rose to -210 b.s.l. ± 1.2 m corresponding to the former long-term Kinneret lake level during the time interval from 1927 until 1986. The visual approach shown in Fig. 6 , namely a manual shift of the time-axis of the lake-level time series, was confirmed by a sample cross-correlation for the differenced time series which showed that radon was inversely correlated with the level of Lake Kinneret, with radon following the water level with a lag of about 90 days (Fig. 7) . However, this result must be viewed with caution due to the strong autocorrelation of each of the series. An alternative way to examine the association between radon and the level of Lake Kinneret was to check whether the time series showed structural breaking points, as suggested by the apparent shift in both, the radon concentration and the lake-level in 2003. The F-statistic (Zeileis et al., 2003) used for the determination of the structural breaks is shown in Fig. 8 for radon and lakelevel. A structural break in the level of radon concentration was detected at time 4172 (days since 1 January 1992 corresponding to 4 June 2003); while, for the lake-level the breakpoint occurred at time 4074 (26 February 2003) . Thus, the shift in the level of radon occurred 98 days after the shift in the Kinneret lake-level, which is in ac- cordance with both, the cross-correlation result and the visual approach. Radon measured at a natural hot spring should depend on the flow rate of the thermal water rising on the border faults of the pull-apart basin. Higher flow rate implies less time for radon to decay and thus, a positive correlation between flow rate and radon is expected. Flow velocity of the fluids rising along the border faults is controlled by (i) the pressure at depth, and (ii) the fracture width (Brown, 2000) . Both are affected by the loading forces of the graben filling to which the water column of the lake contributes. Due to lack of data about the mass flow rate from the spring a direct link between the flow rate and the radon concentrations could not be proven, but a "good correlation between discharge (of the Roman spring) and lake level fluctuations" was noted already by Rimmer et al. (1999) . Following the model of Kafri and Shapira (1990) , rainfall should also increase the hydraulic pressure in the conduits of the border faults and thus should increase the flow velocity at least qualitatively explaining the observed radon maxima in winter. In fact, the discharge of the Roman spring seemed to be rather stable in time. So, either minor changes of the flow rate affect the radon concentration and/or another mechanism is needed to explain the observations. The effect of the temperature upon the solubility of radon can be neglected, because the water temperature is rather stable at 59 ± 2°C. As stated above, the amount of degassed radon collected under the funnel strongly depends on the amount of gas bubbles. The more bubbles, the more radon will be stripped from the liquid phase into the measured gas phase. From visual inspection it had been observed that the bubbling activity is not constant with time, i.e., in 2000 there were more bubbles than in the beginning of 2006. If the lake level hypothesis is valid, the additional loading since 2003 could have changed the mixing ratio of deep and shallow water components finally affecting also the bubble flow rate. A closer look at the chemical data compiled in Table 1 mV compared to a negative one of -50 mV) possibly indicating a slightly stronger influence of the fresh-water component relative to the deep water component. The hypothesis that the fresh-water contribution increased after 2003 is also supported by the fact that the seasonal amplitudes were more pronounced after 2003 (Fig. 2) . Although parts of the radon signal are well understood, the following observations remain without an easy explanation: (1) the negative correlation between radon mean and variance, (2) the 50% reduction of the diurnal amplitudes, and (3) the appearance of long-periodic multiday to intra-seasonal radon signals which were practically absent before 2003. In fact, a positive correlation between mean and variance seems to be more common in nature than a negative relation. Positive mean-variance-relations are a typical feature of hydrological time series (e.g., Tong, 1990) , and have also been described for radon by Barbosa et al. (2007) . Multi-day variations in radon time series with periods of some days up to 10 days were reported by Steinitz et al. (2003 Steinitz et al. ( , 2007 . But, long-periodic intra-seasonal radon signals with periods in the order of 1 month (see D 11 and D 12 in Fig. 5 ) are, to our knowledge, reported the first time. Power spectra calculated for the scales D 7 -D 11 did not show a clear dominating frequency. Instead, a broad peak with a maximum at a period of 25 days was observed. An influence of the moon at periods of 14 days (M f ) and 28 days (M m ) can be ruled out due to the fact that the tidal waves O 1 and M 2 , which are approximately 10 times stronger than M f and M m , were absent in the radon signal. Whereas a fortnightly period might be related to air pressure variations, we have no explanation for the long-period (about 1 month) radon variability.
CONCLUSIONS
From continuous long-term, more than five years, radon monitoring at a hot spring in Israel radon it is concluded that the radon signal contained (i) no earthtides, (ii) no earthquake precursors, (iii) periodic daily cycles, (iv) non-periodic multi-day variations, and (v) seasonal variation patterns with radon maxima during winter. Super-imposed on the periodic variations, a transient drop of the long-term average by 35% was observed. Coevally, the diurnal and semi-diurnal radon variability considerably decreased and the intensity of large-scale, intraseasonal signals increased. Such long-periodic radon variations were reported for the first time, but are still unexplained. The drop of the radon level in 2003 lags about 3 months behind a 4 m rise of the lake level. If the hypothesis that lake level variations and the radon concentration monitored at the border fault are linked physically, it can be further concluded that radon is a very useful proxy to monitor pressure changes within a fault system.
